We have isolated a genomic clone encoding Acanthamoeba castellanii TFIID. The clone contains the entire TFIID gene, 300 bp of 5' promoter sequences and several hundred base pairs of 3' non-coding sequence. The coding region is interrupted by two short introns, but is otherwise identical to Acanthamoeba TFIID cDNA. Comparisons between forty four Acanthamoeba intron 5' and 3' boundaries suggest a 5' splice site consensus of GTACG(T/C) and a 3' consensus of CAG. We determined the position of the transcription initiation site used In vivo, and show that the same site is used in vitro by homologous nuclear extracts. Deletion analysis of the promoter region shows that the minimal promoter required for efficient expression in vitro is located between -97 and + 4 relative to the transcription start site. Three regions within the promoter are important for transcription in vitro; sequences between -97 and -35, the TATAAA box and the initiation region. The initiation region is dispensable but appears to position the transcription start site relative to the TATAAA box. The TATAAA box is absolutely required for transcription initiation whereas the upstream region stimulates transcription approximately five-fold.
INTRODUCTION
TFIID is a cellular protein that is required for transcription of genes transcribed by RNA polymerases I, II and HI (1 -4). TFIID binds to the sequence TATAAA found upstream of many eukaryotic genes but will also bind to other sequences that are not always recognizable as TATA elements (5) (6) (7) (8) (9) . TFHD is one of the general transcription factors and is essential for pre-initiation complex formation, that is, to establish a complex between DNA, TFIID, RNA polymerase II, TFHB, E and F. The pre-initiation complex is relatively stable and transcriptionally competent. TFHD remains bound to the promoter after one or more rounds of transcription (10) (11) (12) , whereas polymerase and the other factors may dissociate. Within the cell, ihlJD is complexed with several other proteins (TAFs) that confer specificity and activity (4, 13) .
The role of TFIID, and perhaps other general factors involved in transcription initiation, has been conserved in eukaryotes. For example, a yeast or Acanthamoeba TFHD-containing fraction can function in human extracts (14) (15) (16) . This conservation of function, albeit imperfect, has also been noted for other components of the transcription apparatus (8) .
Within the pre-initiation complex, TFHD may form proteinprotein contacts with other factors, and perhaps RNA polymerase n. For example, it has been suggested that a contact between TFIID and polymerase II is mediated by another factor, THIB (17) . This suggestion is supported by experiments which substitute yeast TFIfD for HeLa TFHD and show that the distance between the TATAAA box and the transcription start site is determined by a factor other than TFHD (14, 15) . This distance might also be dictated by interactions with polymerase. In either event, it is likely that TFHD has two or more functional domains; one involved in DNA interactions and others involved in protein-protein interactions.
Because of its central role in eukaryotic transcription, it might be expected that TFIID levels are tightly regulated to avoid nonspecific DNA interactions or unbalanced interactions with other proteins. In Acanthamoeba, we have found that TFIID mRNA is rather rare, suggesting that TFIID genes are constitutively regulated. However, nothing is known about the regulatory or basal components of the TFHD gene promoter. Indeed, only TFHD genomic clones from S.pombe and S. cerevisieae have been previously isolated (18) (19) (20) .
Acanthamoeba is a small, free-living amoeba that is commonly found in air, soil, fresh water and in the human nasopharyngeal tract as part of the normal flora (21-23). It is an opportunistic pathogen associated with Acanthamoeba keratitis and occasionally can cause granulomatous encephalitis or related conditions in immunosuppressed individuals (21). The lifecycle of Acanthamoeba is characterized by its ability to differentiate into a dormant cyst when exposed to adverse conditions such as starvation, or in response to a variety of chemical agents. Lab cultures of these amoeba can be grown axenically and differentiation is easily manipulated. The process of differentiation culminates in the formation of a cellulose cell wall and a cessation of cell growth, but the pathway can be easily reversed at any A  10  20  30  40  50  60  70  80  90  100  110   66ATCCCATC TTCGACCASC TC6C6C6TAG ATCA66CCTT CCAT6AC6AA 6TCTTCCTCG AACCACATC6 6CTCTTCATC GAC6TTGCCC TTCACCGTGC CCACCGC6AA   120  130  MO  150  160  170  180  190  200  210  220   TAACeCAAGG CCGCACA66A CCA6C6CCAS 6CAAA66GC6 ASCCTCATCT TC6T6AA6CT 6AA6CTG66T T6TT6CGGeA AAC6AC6CCT TGCAACAAGC T6A6AAAAAA   230  240  250  260  270  280  290  300  310  320  330   CCAG6ATC66 CAA66AASGA TTTTCAACG6 AAAC6nGGC ATCACCGGGT ATAAAAA6GG GCCAATTTTT TT6TTSATTI GTT6CGC6AA TTCTTGCTTT CGGCATC6AA   340  350  360  370  380  390  400  410 
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• stage (M.R.Paule, personal communication), providing a convenient lab system to study the underlying cellular events.
We recently reported that the Acanthamoeba TFUD gene is unique and encodes a single mRNA and we determined the complete cDNA sequence (16) . The TFIID gene is thus the first protein-coding gene from Acanthamoeba for which complete cDNA and genomic DNA sequences are available, permitting an analysis of its transcription start site, promoter elements, intron splicing and polyadenylation signals.
Acanthamoeba promoters for RNA polymerase II have not previously been studied. Promoter elements from other eukaryotes fall into two broad categories; regulatory elements and basal elements. Regulatory elements, for example sequences that bind Spl or CTF, are members of a large family of DNA motifs that interact with an equally large number of regulatory proteins (see 6, 24, 25) . The so-called basal elements seem to comprise only a TATAAA sequence and an initiator region see (8, 26) . Not all promoters contain a discernible TATAAA motif, and not all promoters have a requirement for an initiator, but one or both of these sequences are present in most or all genes studied see (27, 28) . The initiator, first described for the TdT gene in mammals is a poorly defined sequence that is characteristically pyrimidine-rich. However, because of the lack of a clear consensus, the presence (or absence) of such an element must be determined empirically.
In this report we describe the isolation and characterization of a genomic DNA clone encoding Acanthamoeba TFIID. We also characterized the Acanthamoeba TFUD gene promoter using a series of deletion mutants assayed in an homologous in vitro transcription system (29) . These experiments were performed in order to identify promoter elements for this gene in particular, but also to provide an experimental framework for examining other Acanthamoeba genes transcribed by RNA polymerase II. The Acanthamoeba TFIID gene promoter is located between -97 and +4 relative to the transcription start site. The promoter is dependent upon a TATAAA box, but activity can be stimulated five-fold by one or more upstream sequences. The initiation region is dispensible but helps to position the transcription start site.
MATERIALS AND METHODS

Isolation of the TFIID gene
An Acanthamoeba genomic DNA library in X EMBL3A was constructed using standard methods (30) and those recommended by the suppliers (Stratagene). Briefly, high molecular weight Acanthamoeba DNA (31) was partially digested with Sau3A, and DNA fragments within the size range of 12 -20 kb were purified by agarose gel electrophoresis and electroelution. These fragments were ligated to BamHI and EcoRI digested X DNA. Ligated DNA was packaged in vitro and used to infect E.coli LE392 (P2 lysogen) for preparation of the primary library. Phage were then plated on E.coli LE392, and the library was screened for the TFIID gene using a labeled TFIID cDNA-derived probe as described elsewhere (16) . The TFITD gene within one positive clone was mapped to a 6 kb BamHI fragment, which was subcloned into pSK (-) (32) . The TFIID portion was sequenced using internal primers derived from the sequence of a TFIID cDNA clone. In some cases, deletions of portions of the TFIID genomic clone were sequenced using pSK vector primers (32) .
Primer extension analysis of TFIID mRNA
Primer extension analysis of Acanthamoeba TFIID mRNA was performed as described elsewhere (30) 
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Construction of Deletion Mutants
For promoter deletion from the 5' end, plasmid pAgTFUDp, which contains a 530 bp PstI fragment at the PstI site in plasmid pSK -, was digested with Kpnl and HincII. The linearized plasmid was then treated with exonuclease HI as described by the suppliers (Promega and Stratagene) with the following modifications. Instead of using SI nuclease, 4 /tl of mungbean nuclease (BRL) was used to trim the single stranded DNA region left by exonuclease HI digestion. After addition of stop buffer, the reaction mixture was extracted with phenol and chloroform. DNA was ethanol precipitated, and redissolved in 20 /tl ligation buffer and ligated with T4 DNA ligase. Several deletion clones were selected and sequenced. Eight of these were used for the analysis of figure 3.
For deletion from the 3' end, plasmid pAGTFIIDp was digested with BamHI and Sacl and was treated with exonuclease IE and re-ligated as described above. Two additional 3' deletions; 3'dl-19a and 3'dl-19b were prepared by subcloning a HaeHl fragment from the TFIID promoter region into the Smal site of pSK(-). Inserts in both possible orientations were obtained, as shown in Figure 4 . All clones were sequenced prior to transcription analysis. 
In vitro transcription and primer extension
In vitro transcription was performed in a total volume of 50 fii as described elsewhere (29) . DNA fragments used in transcription reactions were prepared by digesting plasmids containing deleted TFIID genomic subclones with PvuII. Appropriate fragments were purified from 0.8% agarose gel. The amount of each DNA fragment was quantified by end-labeling with [a-32 P] dCTP. Amounts of the 5' and 3' deletion-containing fragments were also estimated by spotting labeling reactions onto a DEAE 81 discs (Whatman), washing in phosphate as described elsewhere (33) , and the counts determined by scintillation counting. In the 5' deletion series, where we anticipated quantitative changes in template activity, labeling reactions were also run on a 6% acrylamide gel and scanned on densitometer in order to quantify the amount of DNA more precisely.
About 100 fmol of DNA template was used in each transcription reaction. After incubating at 30°C for 60 min, transcription reactions were stopped and extracted once with phenol/chloroform and once with chloroform (33) . Nucleic acids were precipitated with ethanol and redissolved in 30 /tl hybridization buffer containing 80% formamide, 0.4 M NaCl, 1 mM EDTA, and 40 mM PIPES (pH 6.6). 1-2 /J of end labeled primer (50,000-100,000cpm) was added, mixed, and incubated at 30°C overnight. After annealing, DNA was ethanol precipitated, washed with 70% ethanol, and air-dried. Primer extension reactions were performed in a total volume of 25 /d containing 50 mM Tris (pH 8.3), 50 mM KC1, 5 mM MgCl 2 , 1 mM EDTA, 3.5 /tl of 2.5mM dNTP mix, lmM DTT, 5U human placenta RNase inhibitor (BRL) and 5U AMV reverse transcriptase (USB). Reactions were at 42°C for 90 minutes and were subsequently processed by addition of 25 y\ H 2 O and 50 /xl stop solution (0.6M potassium acetate [pH 5.2], 0.2% SDS, 200 /ig yeast tRNA/ml). Nucleic acids were precipitated with ethanol, dissolved in 6 /d formamide loading buffer, and run on a 6% denaturing gel.
RESULTS
The genomic copy of the Acanthamoeba TFIID gene We constructed a genomic library of Acanthamoeba genomic DNA in X EMBL3. The library was screened using a probe derived from Acanthamoeba TFIID cDNA (16) . Of several positive clones, one was mapped with various restriction enzymes and an approximately 6 kb fragment containing the entire TFIID gene was subcloned into the vector pSK(-) (32) . The DNA sequence of the Acanthamoeba genomic TFHD gene as well as a summary diagram are shown in Fig. 1 . The parental clone contains an additional 4000 bp downstream of the TFIID gene, which we have not sequenced.
With the exception of two short introns, the coding region of the TFHD gene is identical to a cDNA clone described previously (16) . The cDNA encodes a functional protein that is active in transcription activation and DNA binding (16) . The genomic sequence confirms that the cDNA clone is full-length with respect to coding sequences. The sequence colinearity allows us to identify the positions of intron boundaries and the polyadenylation site.
The introns within the TFHD gene are punctuated by sequences at the 5' and 3' splice sites resembling those found in other Acanthamoeba introns, as well as other eukaryotes. Interestingly, both introns interrupt the directly repeated amino acids found in the conserved C-180 domain of TFIID, and the second intron occurs in the same position as the equivalent S.pombe intron (20) . We undertook a more detailed examination of DNA sequences within the TFIID introns by comparing them with 42 other Acanthamoeba introns found in the actin 1, myosin II heavy chain and myosin IB genes (34) (35) (36) . This comparison reveals a 5' consensus of G44T 44 A3 9 C3 6 G33(T2o/C, 7 ) and a 3' consensus of C32A44G44. The 3' intron boundaries show additional preferences for certain nucleotides (not shown), but these preferences are less compelling than those seen at the 5' intron boundary. Both the 5' and 3' intron boundaries of the TFIID (Fig. 1) .
At the 5' end of the gene, within the putative promoter, there is a perfect TATAAA box 30 bp upstream of the transcription start site (see below). Ten bp 3' of the TATAAA box, there is a perfect CCAAT box (Fig. 1) . There are also two more CCAATlike sequences, ten and thirty bp downstream of the transcription start site. In addition, there is an imperfect heat shock element at -140, relative to the transcription start site (7/9 match). However, we did not identify any other previously characterized promoter elements in the 300 bp of 5' sequence, nor is there significant resemblance of the region around the transcription start site that resembles an initiator element (27, 28) . The functional significance of these putative promoter elements was tested directly, as described below.
Determination of the TFIID in vivo transcription start site
The transcription start site used within the TFIID gene was determined using primer extension analysis of poly (A) + RNA. This identified a major transcript originating from a T residue 30 bp downstream of the TATA box (Figure 2 ). An additional minor start site, not visible in Figure 2 , was found three bases further downstream, also at a T residue. These experiments have been repeated several times using different mRNA preparations. The same start site was found using S1 nuclease mapping (results not shown).
Transcription in vitro from the Acanthamoeba TFIID gene promoter We next tested the ability of the genomic copy of the Acanthamoeba TFIID gene to function in homologous nuclear extracts. We recently showed that Acanthamoeba nuclear extracts can accurately initiate transcription from the adenovirus major late promoter (29), but have not previously characterized transcription from a homologous Acanthamoeba gene. In the present experiment, a TFIID gene fragment containing the promoter region was transcribed by an Acanthamoeba nuclear extract and transcripts were analyzed by primer extension ( Figure 2B ). The major 5' end of the in vitro transcripts maps to the T residue found at the 5' end of mRNA, although one or two shorter products can also be seen. The transcription products are sensitive to inhibition by a-amanitin, and therefore transcribed by RNA polymerase II (not shown). We infer that the homologous TFIID gene promoter is efficiently utilized by our extracts.
Deletion analysis of the Acanthamoeba TFIID gene promoter
In order to identify which sequences within the Acanthamoeba TFTID gene contribute to its in vitro promoter activity, we constructed a series of 5' and 3' deletion mutations within the promoter region (Figures 3 and 4) . The transcription activity of the deletions was assayed using in vitro transcription and primer extension. The TFIID promoter can be deleted from the 5' direction as far as -97 without effect. However, deletion to -35 reduces transcription activity by about five-fold ( Figure 3 , lane 5). This difference in activity between the -97 and -35 deletions was observed in four experiments using two different DNA preparations. The data shown was quantified by densitometry.
Further deletion of the promoter to -28, removes the first two bases of the TATAAA box, and completely abolishes transcription (Figure 3, lane 6 ). This result suggests that bases between -35 and -28 are of critical importance, and that the 5' -28 mutant is most likely inactive due to disruption of the TATA box. All deletions past -28 were also inactive (Figure 3,  lanes 7 and 8) .
Deletions to the TFTJD gene promoter from the 3' side were made and assayed to determine the contribution of the initiation region to activity overall and to start site selection. The 3' side of the promoter region can be deleted as far as +4 without affecting the positioning of transcription initiation (Fig 4, lanes  1-7) . However, there is a trend towards an increased level of transcription as the deletions approach the start site (see also below). While the levels of transcripts produced from the +93 and +59 deletions is lower than the parental template in the autoradiogram shown, these differences are not significant, based on several repetitions of the experiment.
Removal of the natural transcription start site in the 3' -5 deletion, however, results in efficient initiation at a new position within the vector as well as at more minor sites corresponding spatially to the correct start site (Figure 4, lane 8) . The major new transcription start is 35 bp from the TATAAA box, rather than 30 bp. Examination of the vector sequences that replaced the TFIID promoter sequences in the 3' mutant shows that the new initiation site is within the sequence 5'-TTTTGTTCC-CTT-3', the underlined part of which is identical to a portion of the TFIID gene start site sequence. In a sense, this deletion represents a mutant that pushes apart portions of the start region by 5 base pairs.
Some initiation from the 3' -5 deletion occurs at the correct (30 bp) distance from the TATAAA box, suggesting that the sequence of the start site is not the sole determinant of initiation position (Figure 4, lane 8) . We therefore constructed 3' deletions that completely remove the start site and place the 3' end in two different plasmid contexts. In both cases, initiation still occurs efficiently from the vector sequences, even though they are quite distinct in character from the wild type initiation region (Fig. 4,  lanes 10 and 11) . However, the initiation sites in these mutants are distributed among several nucleotides, rather than two major sites as seen in the wild type template. The rather evenly spaced start sites in 3'dl-19a span seven nucleotides, and those of 3'dl-19b span eleven nucleotides.
Although 3' mutants that remove the start site are fully active, deletion of the promoter region to -52 produces an inactive template (Fig. 4, lane 9) . This result was expected since the 3' -52 deletion mutant lacks the TATA box and flanking sequences found to be important in assays of the 5' deletion mutants (above).
We infer from these experiments that in the Acanthamoeba TFIID gene the initiation region does not greatly affect the efficiency of transcription, but instead exerts a positioning effect. It is noteworthy that loss of the CCAAT motif (Figure 1 ) as in the 3' -19 deletion does not have a major effect on transcription efficiency. Indeed, in our experiments these mutants are consistently transcribed more efficiently than undeleted templates suggesting that sequences near the initiation site may exert a negative effect. Further experiments will be needed to establish the magnitude of such effects and to locate the relevant sequences.
DISCUSSION
Isolation of the genomic copy of the Acanthamoeba TFIID gene has permitted determination of its transcription start site, analysis of its promoter by in vitro transcription, and determination of consensus sequences for intron boundaries. It is the first proteincoding gene from Acanthamoeba for which complete cDNA and genomic DNA sequences are available, and the first Acanthamoeba promoter for an RNA polymerase II gene to be characterized. The gene itself, however, is unremarkable, in that coding regions match those from the cDNA exactly, with the exception of the two introns. The consensus sequences for intron splicing appear to be unique to Acanthamoeba but most closely resemble those from S.pombe (37) .
Not all Acanthamoeba genes share sequence features described for the TFIID gene, such as the TATA box. While two actin genes have TATA boxes, none of the myosin genes sequenced to date have sequences resembling TATAAA, suggesting that myosin genes may instead operate through an initiator element (28) . However, as pointed out elsewhere, the factor TFIID may bind sequences that have no superficial resemblance to a TATAAA element, partly as a consequence of its DNA-binding mechanism (38, 39) . We have obtained transcription in vitro from the myosin heavy chain gene promoter and found that it can be deleted to as far as -15 with retention of full activity (F.L. and E.B. unpublished). Comparisons among the various Acanthamoeba protein coding genes did not reveal any additional sequence elements that could be regarded as a potential promoter or initiator element. The TFIID gene is transcribed in vitro by homologous extracts roughly as efficiently as the adenovirus major late promoter (29) . Comparisons between the adenovirus major late promoter and the Acanthamoeba TFIID gene promoter show some similarity in overall composition, particularly the G-rich regions that flank the TATA box in both promoters. These results, however present an enigma in that TFIID mRNA is quite rare in Acanthamoeba. It seems likely that the Acanthamoeba TFIID gene will be subject to negative regulation or to rapid mRNA turnover within the cell in order to prevent over-expression of TFIID. Alternatively, TFIID mRNA could be efficiently and rapidly transcribed in vivo during a particular phase of the cell cycle. Further characterization of mRNA synthesis and turnover will be required to discriminate among these possibilities.
Transcription initiation within the TFIID gene at a T residue is somewhat unusual, in that most eukaryotic genes begin transcription at an A or, less frequently, a G residue (5) . There are however, some precedents, including the Acanthamoeba actin 1, myosin IB and myosin IL genes (34, 36, 40) .
We undertook the promoter analysis to determine whether the TATA element and initiation regions are, in fact, functional or important in Acanthamoeba. In addition we anticipated the possible identification of a negatively-acting element. The results suggest that the TATA element is indeed a critical promoter element since removal of the first two bases of the TATA box completely inactivates the promoter.
Somewhat surprisingly, our results suggest the presence of an upstream stimulatory element between -97 and -35 that has an approximately 5-fold effect on initiation. We do not yet know what sequence within this region is important for efficient initiation, but it should be possible to identify the putative factor binding site using DNase footprinting combined with finer deletion mapping. It could be argued that the region between -97 and -35 contributes to binding of TFIID to the promoter, and does not contain an additional cis acting element. In preliminary studies, we have found that the 5' -35 deletion can bind recombinant TFIID, whereas the -28 deletion cannot, indicating that the -35 deletion contains sufficient sequence information for TFHD recognition, and that its reduced activity is due to removal of sequences that affect a distinct protein-DNA interaction. We have also obtained clear footprints within the upstream region using partly fractionated nuclear extracts (E.B. and F.L., unpublished data).
The results of our analysis are reminiscent of those obtained for the in vitro analysis of the adenovirus 2 major late promoter, which revealed a positive effect on initiation by sequences located between -50 and -60 (41). In the major late promoter, this region is known to bind the factor USF (9). In addition, those experiments showed that the region immediately 5' to the TATA box could tolerate G to A substitutions (41) . The stimulatory effect of upstream elements in vitro has also been observed for CCAAT factors, API and AP2, Spl and derivatives of GAL4-VP16 (42) (43) (44) (45) .
These observations support our contention that the Acanthamoeba TFIID gene contains an upstream element between -35 and -97, and that the TATA box is a distinct necessary element. However, we note that analysis of /3-globin genes in vivo suggested that at one residue at -37 might have a modest effect on initiation (46) , whereas studies on the HSV tk gene did not show any effect of the corresponding region on initiation (47) .
Experiments with the 3' deletion mutants, that remove the initiation site, suggest that in Acanthamoeba both the start site sequence and the distance from the start site are important for determining the site of initiation. It is particularly interesting that initiation can occur 5 bases downstream of the normal start site, if a sequence resembling the natural start is present, as in the 3' -5 deletion. Initiation in this mutant therefore occurs 180°a round the helix relative to the normal site. Similarly, initiation can occur at several sites within an eleven base window, if the start site is removed, as in the 3' -19 deletions. This situation is distinct from that found in vertebrate systems, where the position of the start site is determined primarily by its distance from the TATA box, although in Acanthamoeba, the window for initiation also lies between 25 and 35 bp from the TATA box. In yeast, the start point is determined primarily by the start site sequence (48) , although yeast polymerase will also initiate efficiently at other sites within 40-100 bp from the TATA box. Acanthamoeba RNA polymerase II initiation thus has features in common with yeast and mammalian transcription initiation, but is distinct from both.
The use of multiple initiation sites by Acanthamoeba RNA polymerase II might indicate that the polymerase is not subject to any constraints on its rotational positioning relative to the TATA box and is presumably rather loosely tethered to the initiation complex. It is equally possible that the polymerase can form distinct complexes that differ with respect to their orientation relative to the TATA box and to DNA. It will be of interest to determine whether the initiation region affects binding by RNA polymerase or, as in the case of Acanthamoeba RNA polymerase I (49, 50) , it affects the ability of RNA polymerase to melt DNA and form the first phosphodiester bond.
